SI Discussion
The Biotin-Switch assay and persulfides: Typically, the biotin switch assay mentioned in the text is used for the specific detection of S-nitrosothiols (RSNO) (for example, 1). Importantly, the lack of specificity of this assay has been discussed (2).
As noted above, the biotin-switch assay relies on the reaction of the electrophilic sulfur species MMTS with a free thiol to give a mixed disulfide. Since MMTS will not react with S-nitrosothiols, only free thiols will be modified by MMTS to give a mixed disulfide. However, if MMTS reacts with a protein persulfide, a mixed trisulfide would be generated. The second part of this assay relies on a specific reduction of an S-nitrosothiol to a free thiol by ascorbate, which presumably will not reduce a disulfide (although this has been challenged (3)). If indeed a trisulfide is formed during the assay from the reaction of MMTS with an endogenous persulfide, the next question becomes: is a trisulfide readily reduced by ascorbate? If so, then the presence of persulfides can be misconstrued as indication of the presence of an S-nitrosothiol.
Currently, it is not known if trisulfides are readily reduced by ascorbate. However, it is worth noting that increasing the number of sulfurs in polysulfide species would be expected to increase the reduction potential (for example, 4), indicating that some reports of S-nitrosothiol generation may have included a contribution by persulfides.
The use of monobromobimane to detect per-and poly-sulfide species:
Monobromobimane (Br-bimane)-coupled bis-S-bimane formation has been employed to measure H 2 S/HS -in biological samples. Our recent study showed, however, that bis-S-bimane was found to be formed indirectly from the reaction of Br-bimane with some types of polysulfides rather than directly with hydrogen sulfide anion (HS -). For example, Br-bimane can react with Cys or glutathione polysulfides to form bis-S-bimane, although yield is relatively low (about 1%) compared with direct formation of bis-S-bimane adduct from HS -. Similar but much higher efficacy of bis-S-bimane formation was observed with the high-molecular-weight (HMW) fractions of cell lysates (SI Appendix, Fig. S12 ), which potentially contain protein Cys-bound polysulfides as identified our current polysulfur proteomics (cf. Fig. 5 ). These protein polysulfides, through rather complicated chemical reactions, may also produce indirectly non-specific bis-S-bimane formation. Therefore, bis-S-bimane formation, particularly in the presence of high levels of CysS-(S) n -SCys/GS-(S) n -SG or polythiolated proteins, is not a result of HS -reactivity per se. Because this apparent bis-S-bimane formation was possibly due to the putative nucleophilicity of particular sulfur moieties of polysulfides having an HS --like behavior, such as-yet-unidentified compounds are expressed as 'HS --like species' herein (cf. Fig. 1A ,B and legend).
SI Materials and Methods
Materials. GSH, Cys, HCys, NaHS, Na 2 S 2 O 3 , Na 2 S 4 , propylamine NONOate formic acid) and B (methanol + 0.1% formic acid) with a linear gradient from 5% to 90% B in 14 min and a flow rate of 0.2 ml/min. In both systems, mass spectra were recorded in the positive ion mode. Preparative HPLC was performed by using the Waters e2695 series with the UV detector set at 210 nm. Samples were injected onto a TSKgel ODS-80Ts column (4.6 × 150 mm; Tosoh), at 40 °C. Mobile phases A (H 2 O + 0.1% trifluoroacetic acid) and B (methanol) were used with a linear gradient from 2% to 70% B in 15 min and a flow rate of 1 ml/min. For the separation of oxidized Cys derivatives, we used Asahipak GS-320 HQ (7.6 × 300 mm; Showa Denko K.K.) with a mobile phase of 5 mM sodium phosphate buffer (pH 2.6) containing 3% acetonitrile at a flow rate of 0.8 ml/min. Small variations in this purification method were made as needed to achieve the ideal separation for each compound.
Bimane derivatives.
CysS-(S) n -bimane adducts. Cys (0.5 mM) was reacted with 0.5 mM NaHS in the presence of P-NONOate (0.5 mM) in 10 mM Tris-HCl buffer (pH 7.4) at room temperature for 30 min. Br-bimane (5 mM) was added to the reaction mixture, which was then incubated at room temperature for 30 min. CysS-(S) n -bimane adducts thus formed were separated on the basis of sulfur number by RP-HPLC. HCysS-(S) n -bimane adducts. HCys (0.5 mM) was reacted with 0.5 mM NaHS in the presence of P-NONOate (0.5 mM) in 10 mM Tris-HCl buffer (pH 7.4) at room temperature for 15 min. Br-bimane (5 mM) was added to the reaction mixture, which was incubated at room temperature for 30 min. HCysS-(S) n -bimane adducts thus formed were separated by using RP-HPLC. GS-(S) n -bimane adducts. GSH (0.5 mM) was reacted with 0.5 mM NaHS in the presence of P-NONOate (0.5 mM) in 10 mM Tris-HCl buffer (pH 7.4) at room temperature for 15 min. Br-bimane (5 mM) was added to the reaction mixture, which was incubated at room temperature for 30 min. GS-(S) n -bimane adducts thus formed were separated by means of RP-HPLC. 
Oxidized polysulfides
CysS-(S) n -SCys. Cys (20 mM) was reacted with 20 mM NaHS in the presence of I 2 (20 mM) in 20 mM Tris-HCl buffer (pH 7.4) at room temperature for 15 min. The reaction mixture was subjected to HPLC for purification of CysS-(S) n -SCys derivatives. Nitrogen was the nebulizer gas, with the nebulizer pressure set at 50 psi. The desolvation gas (nitrogen), heated to 350 °C, was delivered at the flow rate of 10 L/min.
Collision-induced dissociation (CID) was achieved by using high-purity nitrogen as the collision gas at a pressure of 0. methionine-25% restricted (0.10% L-methionine, 0% L-cystine ). To compensate for the reduced amino acid content in the methionine-restricted diet, cellulose content was raised on an equal weight basis. Food and water were provided ad libitum. Body weights were monitored twice a week for the duration of the study. At the end of the study, the animals were sacrificed. Blood was collected and plasma was prepared, flash frozen and stored at −80 °C until analyzed. Liver, heart, kidney and brain were harvested, flash frozen and stored at −80 °C until processed. Preparation of recombinant enzymes. Recombinant rat CSE and CBS were prepared according to the literature (7) (8) (9) . cDNAs of CSE and CBS were kind gifts from Dr. N.
Nishi (Kagawa Medical School, Japan) and J. P. Kraus (University of Colorado School of Medicine), respectively. Recombinant human GAPDH was prepared as reported previously (10) .
Analyses for Cys persulfide formation by enzymes, cell lysates, cells, and tissues.
Recombinant rat CSE (20 or 50 µg/ml) or CBS (5 µg/ml) was incubated in the presence of substrates such as CysSSCys in 30 mM HEPES buffer (pH 7.5) containing 50 µM PLP at 37 °C. For the CBS reaction, SAM (100 µM) was added. The enzymatic reaction was terminated by adding a 5 vol excess of a methanol solution containing 5 mM Br-bimane. Mixtures were then incubated at 37 °C for 20 min, followed by centrifugation (10,000 × g, 10 min) to collect supernatants. These supernatants were diluted with distilled water containing isotope-labeled polysulfide standards for polysulfidomics as mentioned above.
Polysulfide derivatives formed in cultured cells were extracted from cell lysates after derivatization with Br-bimane as just mentioned. Knockdown of CBS, CSE, xCT, and SNAT2 was performed as reported recently (6) Mouse tissues (100 mg each) were homogenized by using a Polytron homogenizer with 0.5 ml of a methanol solution containing 5 mM Br-bimane. The resultant solution was incubated at 37 °C for 30 min, followed by centrifugation (14,000 × g, 10 min, 4 °C), and the supernatants were collected and subjected to polysulfidomics as mentioned above. Mouse and human plasma samples (0.1 ml) were sonicated in 0.5 ml of a methanol solution containing 5 mM Br-bimane, incubated at 37 °C for 30 min, and centrifuged (14,000 × g, 10 min, 4 °C). The supernatants obtained were subjected to polysulfidomics.
Polysulfide imaging. Cellular polysulfide imaging was performed by using the recently developed SSP2 (11) . A549 cells were seeded in four-well glass chamber slides at a density of 4 × 10 5 cells per well. In some experiments, cells were pre-treated with CSE vector, CBS and CSE siRNAs, sodium cyanide (NaCN), or BCA (CSE inhibitor).
Cells were washed once with serum-free DMEM, followed by incubation with 50 µM SSP2 in serum-free DMEM containing 500 µM cetyltrimethylammonium bromide Preparation of CN-biotin. CN-biotin was prepared from compound S1 in two steps: to a solution of S1 (1.1 g, 3.24 mmol) in dry dimethylformamide (DMF) (66 mL) was added 1.5 equivalents of 2-aminoethanol (4.86 mmol, 0.29 mL). Then, 2 equivalents of triethylamine (6.48 mmol, 0.9 mL) was added into the mixture and the reaction was stirred overnight at room temperature. However, MCA did not react with normal disulfides such as S4.
Tag-Switch assay and proteomics of protein S-polythiolation. Biotinylation of polysulfides was performed via Tag-Switch-Tag labeling of polysulfides using MSBT as the Tag reagent and CN-biotin as the Switch-Tag reagent (SI Appendix Fig. S9A ).
GS-(S) n -H compounds generated via GSR-catalyzed reduction of GSSSG were used as model polysulfides. GSSSG (0.5 mM) was incubated with GSR (1 U/ml) and NADPH
(1 mM) in 40 mM sodium phosphate buffer (pH 7.4) at room temperature for 10 min.
GS-(S) n -H compounds formed were reacted with 5 mM MSBT at room temperature for 15 min to tag sulfhydryls. Resultant solutions were then reacted with 10 mM CN-biotin at room temperature for 30 min to switch-tag sulfhydryls. Reactions were terminated by adding 0.2 M citric acid buffer (pH 2.5) at one-fourth the volume of the The silver-stained gel image was covered with the biotin Western blotting image to reveal protein spots containing S-thiolated proteins. These spots were subjected to in-gel digestion and LC-MS/MS analysis to identify proteins, as previously reported (12) . In cell culture, C6 cells were stimulated with 10 µg/ml lipopolysaccharide (E. coli; L8274) (Sigma), 100 U/ml interferon-γ, 100 U/ml tumor necrosis factor α, and 10 ng/ml interleukin-1β (all cytokines from R&D Systems, Inc.) for 12 to 42 h. In some experiments, CBS was knocked down with siRNA. 8-SH-cGMP was extracted from cells by methanol precipitation as reported previously (5,6).
LC-MS/MS identification of protein-bound
In vivo, mouse tissues (100 mg each) were homogenized by using Polytron homogenizer with 1 mL of methanol solution containing 2% acetic acid. After centrifugation (14,000 × g 10 min 4 °C), the supernatants were collected and subjected to anion-exchange purification with Oasis WAX cartridge (Waters). After the cartridge was washed with methanol, cGMP derivatives were collected into the elution with 1 mL of methanol containing 15% aqueous ammonia. Eluted samples were dried in vacuo and then redissolved in distilled water (0.2 mL).
8-SH-cGMP extracted from cell lysates and mouse tissues were quantitated by means of LC-MS/MS. A TSQ Vantage (Thermo Scientific) for LC-ESI-MS/MS was
used, after RP-HPLC with a YMC-Triart C18 column (50 × 2.0 mm inner diameter), and a linear 0-100% methanol gradient in 0.1% formic acid and 0.0005% aqueous ammonia for 14 min at 40 °C. A total flow rate of 0.2 ml/min and an injection volume of 50 µl were used. Ionization was achieved by using electrospray in the positive mode with a 2,500 V spray voltage. Nitrogen was the nebulizer gas; nebulizer pressure was 50 psi. The desolvation gas (nitrogen), heated to 400 °C, was delivered at the flow rate of 10 L/min. CID was then achieved by using high-purity nitrogen as the collision gas. Nucleotide derivatives were quantitated using the MRM mode as reported recently (6) Western blotting. Cells were washed twice with PBS and were then solubilized with RIPA buffer that contained protease inhibitors. Cell lysate proteins were heat-denatured and separated via SDS-PAGE and were then transferred to polyvinylidene fluoride membranes (Immobilon-P; Millipore). Membranes were blocked with TTBS (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.6) containing 5% skim milk (Difco Laboratories), after which they were incubated with antibodies in TTBS containing 5% skim milk at 4 °C overnight. Antibodies used in Western blotting were as follows: anti-CBS (clone 3E1; Abnova), anti-GAPDH Statistical analysis. All data are expressed as means ± SD. Data for each experiment were acquired from at least three independent experiments. Statistical analyses were performed by using Student's t-test, with significance set at P < 0.05. 
Fig. S4. CBS-and CSE-dependent formation of Cys and GSH polysulfides in SH-SY5Y cells (A) and C6 cells (B).
Cys and GSH polysulfides in SH-SY5Y cells and C6 cells with or without overexpression of CBS and CSE were determined by means of LC-MS/MS-based polysulfidomics. Data are means ± SD (n = 3). *P < 0.05 versus control. Polysulfide production dependent on CSE and CBS in A549 cell lysates with or without overexpression of CSE (left panels) and CBS (right panels), together with Western blotting for CSE and CBS expression. CysSSCys (0.5 mM) was incubated with cell lysates (1 mg protein/ml) at 37 °C for 15 min. Data represent means ± SD (n = 3). *P < 0.05 versus control. (B, C) Formation of Cys and GSH polysulfides in the reaction of CysSSCys with lysates of COS7 cells overexpressing CSE. CysSSCys (0.5 mM) was incubated with lysates (1 mg protein/ml) of CSE-overexpressed COS7 cells in 30 mM HEPES buffer (pH 7.5) in the presence of 50 µM PLP at 37 °C. In Fig. S6C , effects of exogenous addition of GSH was examined. GSH polysulfide formation was markedly increased by addition of GSH (yields after a 60-min incubation). GSSH derived from GSR-catalyzed reduction of GSSSG was biotinylated by using the Tag-Switch-Tag assay. (C) Sulfur transfer from CysS-(S) n -H to GAPDH. Human recombinant GAPDH (80 µg/ml), which was pre-treated with mercaptoethanol to reduce Cys residues, was incubated with CSE enzyme reaction mixture (50 µg/ml CSE, 1 mM cystine, 50 µM PLP, 30 mM HEPES pH7.5) at 37 °C for indicated periods. GAPDH polythiolation was then determined by Tag-Switch-Tag method. Increased polythiolation was standardized by total GAPDH as detected by Western blotting (right panel). Data are means ± SD (n = 3). *P < 0.05, **P < 0.01 versus control (time 0). (D) LC-MS/MS identification of Cys-CN-biotin in polythiolated GAPDH. The same GAPDH treated as just above (C) was subjected for Pronase digestion, followed by LC-MS/MS as illustrated in Bis-S-bimane formation in the reaction of Br-bimane (5 mM) with cell lysates before and after molecular weight-based fractionation. A549 cell lysate (1 mg protein/ml) were subjected for 3,000 Da cut-off ultrafiltration membrane to obtain HMW fraction and LMW fraction. The cell lysate without ultrafiltration was used as the total fraction (Total). Br-bimane was reacted with each fraction, and bimane adducts formed were quantitated by means of polysulfidomics. Remarkable formation of bis-S-bimane in the reaction of Br-bimane with HMW fraction was noted. 
